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Few-electron atoms interacting with electromagnetic fields provide for privileged scenarios for disentangling
elemental correlation mechanisms. We demonstrate that high-order harmonic generation (HHG) from neutral
helium presents a distinctive trace of correlation back reaction in the electron dynamics prior to ionization.
We identify a mechanism in which the field interacts with one of the electrons, while the second is excited
to a Rydberg level through the Coulomb interaction. As back response to this correlated excitation, the first
electron is knocked down to a lower level, from which it ionizes to generate high-order harmonics. Unlike other
multielectron phenomena, where the electron-field interaction is modified by cross correlations with the rest
of the interacting electrons, back reaction is a mechanism of autocorrelation. Our numerical simulations reveal
back reaction as a relevant aspect in HHG from correlated two-electron systems, and paves the way to disentangle
valence electron-electron correlation dynamics using high-harmonic spectroscopy.
DOI: 10.1103/PhysRevResearch.2.033047
I. INTRODUCTION
Correlation phenomena are at the foundations of complex-
ity. They establish deep connections among the constituents
of physical systems, giving rise to collective behaviors well
beyond the reductionist point of view of independent particles.
The Coulomb interaction between electrons determines the
electric and magnetic properties of solids, being an essen-
tial ingredient in metal-insulator transitions, high-temperature
superconductivity, and colossal magnetoresistance [1], but
also affecting the exciton states in quantum wells [2] or the
energy transport properties in carbon nanotubes [3]. Among
the different correlation effects, back action represents the
intriguing possibility of self-affected dynamics, as a response
to the constituent’s own modifications to a correlated envi-
ronment. Correlation back action is known to have profound
implications in quantum systems coupled with reservoirs [4]
and in quantum measurements [5]. Illustrative examples are
the damping of a mechanical oscillator when coupled to an
optical cavity, resulting in self-sustained oscillations [4], or
the enhancement of restoring forces in trapped particles [6].
Few-electron atoms and molecules offer an excellent play-
ground for testing isolated valence electron correlation effects,
due to the absence of core electrons. Multielectron interac-
tions have been extensively studied in the context of double
photoionization, which may result from three general mech-
anisms: the so-called two-step-one (TS1), where the second
electron is knocked out from the atom by the interaction with
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a previously ionized electron; the shake-off mechanism (SO),
which describes the ionization of the second electron as a
response to the sudden nuclear descreening, resulting from
the fast ionization of the first one; and, finally, dynamical
bound-state electron correlation (GSC). TS1 and SO result
from final-state correlations, while GSC corresponds to corre-
lations in the initial state, previous to ionization. In the high-
frequency regime the relative weight of these three mecha-
nisms is not well resolved [7]. However, for lower frequencies,
previous works have demonstrated distinct signatures of TS1
and GSC. Bound-electron shake-up excitation by the interac-
tion with an ionizing first electron was observed in the kinetic
energy of the dissociation fragments of D+2 [8]. TS1 is also at
the origin of the enhancement in the double ionization rates
[9] and, recently, it has been identified as a main ingredient
in the generation of high-frequency secondary plateaus in
high-order harmonic generation (HHG) [10–12]. Initial-state
correlation is, on the other hand, responsible for an extension
of the cutoff frequency of the HHG spectrum [13], where the
dynamical nuclei descreening effectively increases the ioniza-
tion energy of the second electron. Noticeably, the spectral
signatures of these correlation-based mechanisms are clearly
distinct from the uncorrelated phenomena, either the single
active electron emission from the neutral or cation species, or
the simultaneous recombination of two electrons [14–17].
An additional aspect studied recently is correlation back
action (CBA) in the shake-up photoemission of the helium
atom: as the ionizing electron knocks the second electron
to an excited cationic state, the field-induced dipole of this
second reacts on the first electron, delaying its ionization by
few tens of attoseconds [18]. While CBA is a secondary aspect
in shake-up processes, to our knowledge, its role in GSC,
where the proximity of the two electrons enhances correlation
interactions, remains barely addressed.
High-order harmonic generation (HHG) represents a re-
liable mechanism to produce coherent attosecond pulses up
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to the extreme ultraviolet or even soft x rays [19–21]. In
atoms or molecules, HHG is understood as a three-step
process—tunnel ionization, acceleration, and recombination
[22,23]—in the electronic wave function dynamics driven
by an intense laser field. In addition to its technological
relevance to probe ultrafast phenomena with extremely high
temporal resolution, the resulting spectrum, composed of high
harmonic frequencies, encodes information about the electron
dynamics, orbitals, and target structure, that can be revealed
using attosecond spectroscopy [18,24–27] and high-harmonic
spectroscopy [28–30]. The main phenomenology underlying
HHG can be described considering a single active electron
(SAE) [31] occupying the outermost valence orbital of the
atom or molecule under study. However, multielectron effects
can influence the ionization or recombination steps, leading to
unequivocal signatures in the harmonic and photoionization
spectra.
In this article, we demonstrate that back action in GSC
has a distinctive signature in the HHG spectra: a secondary
plateau, extending to frequencies above the single active elec-
tron cutoff. We show that this spectral feature arises from the
HHG from single-excited two-electron bound states, where
one of the electrons—which we denote as secondary—is
knocked up to a Rydberg level by the Coulomb interaction
with its partner—the primary electron—which is the one
effectively interacting with the laser field. In correspondence
with the Coulomb excitation of the secondary electron, CBA
results in the knock-down of the primary electron to a deeper
energy level, from which it tunnels out through the poten-
tial barrier, initiating the HHG process. Note that, in our
case of study, the secondary plateau is emitted by the (ex-
cited) neutral atom. This differentiates the phenomenon from
other two-electron processes, leading to secondary plateaus,
in which correlations enhance the HHG emission from the
cation [10–12,32–34] or result from nonsequential double
recombination [14–17]. Also note that, in previous works
reporting extended plateaus in HHG from neutral atoms, both
electrons play an active role interacting with the laser field. In
those cases, the cutoff frequency extension is explained by the
dynamical nuclei descreening resulting from a field-induced
excitation [35], or from the motion of the bound electron
affecting the recolliding electron [13].
II. THEORETICAL MODELS AND NUMERICAL METHOD
We numerically integrate the one-dimensional time-
dependent Schrödinger equation (TDSE) of the helium atom,
described by the Hamiltonian
Ĥ = T̂1 + T̂2 + V̂1,N + V̂2,N + V̂1,2, (1)
T̂i = [P̂i + eA(t )/c]2/2m being the kinetic energy operator for
the electron i, Pi its canonical momentum, A(t ) the vector
potential, c the speed of light in vacuum, m the mass of the
electron, and e the absolute value of the electron’s charge.
V̂i, j = Zi j/
√
(xi − x j )2 + a2i j are the Coulomb interaction po-
tentials (labels {1, 2, N}, for both electrons and the nucleus,
respectively). We consider four different models: (i) two
active electrons (TAE), the exact 1D description of the He
atom, described by Ĥ in Eq. (1) with Z1,N = Z2,N = −2,
FIG. 1. (a) High-order harmonic spectrum from He considering
two active electrons (He TAE, solid black line), a single active
electron (He SAE, solid yellow line), and the exact description of
He+ (He+, dash-dotted purple line). (b), (c) Time-frequency analysis
of the HHG results from the TAE and SAE descriptions, respectively.
The cutoff frequencies in the different cases are indicated with
dotted lines. A high-energy secondary plateau emerges in the TAE
calculations.
Z1,2 = 1, a1,N = a2,N = 0.707 a.u., a1,2 = 0.566 a.u., so that
the modeled ionization potentials of He and He+ match the ex-
perimental values IHeP = 0.9 a.u. and IHe
+
P = 2.0 a.u.; (ii) idle
electron (IDL), considering the two correlated electrons—
primary and secondary—yet the secondary disconnected from
the laser field, i.e., T̂2 = P̂22 /2m, and the rest of the pa-
rameters in Eq. (1) as in TAE; (iii) single active electron
(SAE), described by Ĥ with T̂2 = V̂2,N = V̂1,2 = 0 and a1,N =
0.697 a.u.; and, finally, (iv) the exact 1D description of the
helium cation (He+), described by Ĥ with T̂2 = V̂2,N = V̂1,2 =
0, a1,N = 0.707 a.u., and Z1,N = −2. The TDSE is solved in a
x1, x2 grid (with spacing x1 = x2 = 0.16 a.u. and box size
|x1max | = |x2max | = 200 a.u.) using the Crank-Nicolson method
[36] with the split-operator approach to obtain the initial state
via imaginary-time propagation [37] and to propagate it in
real time with time step t = 0.02 a.u. We implement a
cos1/8 mask function at the limits of the spatial box (15%
of the grid size) as an absorbing boundary. HHG spectra are
computed as the squared modulus of the Fourier transform
of the dipole acceleration. The driving field is modeled with
an 8-cycle trapezoidal envelope (1 cycle of ramp-up, 6 cycles
of constant amplitude, and 1 cycle of ramp-down), 515 nm
central wavelength, and 1.6 × 1014 W/cm2 peak intensity.
Additional results at other wavelengths, intensities, and pulse
envelopes are shown in the Appendix.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the comparison of the HHG spectrum
from neutral He, within the TAE and SAE descriptions, as
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FIG. 2. Fraction of the high-harmonic emission from the two
active electron (TAE) He, shown in Fig. 1(a), corresponding to the
neutral He (blue area) and He+ (yellow area) contributions. The
total He TAE harmonic spectrum is shown for reference as a solid
black line. Vertical dotted lines indicate the cutoff frequencies also
shown in Fig. 1(a). The inset shows the regions of the two-electron
coordinate space associated with the neutral atom (blue area) and the
cation (yellow area).
well as from He+. Both models of neutral He show an ex-
cellent agreement up to the 23rd harmonic. In this region, the
harmonic spectrum shows the typical nonperturbative plateau,
extending up to the cutoff frequency, ωc. According to the
standard description of HHG from a single active electron
[31], the cutoff energy corresponds to [38]
h̄ωc  1.2IP + 3.17UP, (2)
IP being the ionization energy, and UP = e2E20 /4mω20 the
ponderomotive energy (E0 and ω0 are the driving electric
field’s amplitude and frequency, respectively). The cutoff
frequency predicted by Eq. (2) considering the ionization po-
tential of neutral He (ωSAEc ) corresponds to the 17th harmonic.
Noticeably, the TAE spectrum also includes a secondary
plateau extending beyond the SAE cutoff frequency. Similar
extensions have been reported before for higher intensities,
resulting from the ionized fraction of He [39] or Ar [40].
However, Fig. 1(a) shows that the efficiency in HHG from
He+ is about five orders of magnitude lower. Note also that
the cutoff frequency of the secondary plateau (ωTAEc ) is lower
than that of the cation (ω+c ).
In Figs. 1(b) and 1(c) we compare the time-frequency
analysis of the HHG emission from the TAE and SAE descrip-
tions, respectively. First, we observe the similar nature of the
primary plateau in both descriptions, and the appearance of
the secondary plateau in the TAE description. In addition, the
efficiency of the emission of the secondary plateau increases
progressively with time during the interaction. Hence, Fig. 1
demonstrates, on one hand, the multielectron nature of the
process behind the extended spectrum and, on the other hand,
the temporal delay in the buildup mechanism responsible for
it. This latter property is a signature previously found in other
correlation-mediated HHG pathways, other than shake-off
emission. Such delays originate as the buildup of the corre-
lation interchange typically requiring a previous excitation of
one of the electrons [11].
Figure 2 displays further evidence of the secondary plateau
being generated by the neutral atom, and not by the cation. We
plot the contributions to the TAE harmonic spectrum shown in
Fig. 1 of the different regions of the two-electron coordinate
FIG. 3. High-order harmonic spectrum obtained from the idle
electron model (He IDL, green area) compared to the exact two-
electron description (He TAE, black solid line). The cutoff frequen-
cies are indicated with vertical dotted lines.
space (see inset in the figure). We consider the HHG emission
from the wave function confined in two different spatial
regions: |x1| < 5 a.u. while |x2| < 5 a.u., as the emission
from the neutral He; and the disjoint spatial regions (|x1| < 5
a.u. while |x2|  5 a.u.) and (|x1|  5 a.u. while |x2| < 5), as
the emission from the cation. According to these definitions,
Fig. 2 shows that the TAE emission is dominated by the
contribution of the neutral atom; i.e., the main HHG emission
occurs when both electrons are close to the core. Therefore,
the secondary plateau observed in the He TAE description is
not due to a correlated-enhanced emission from the cation, as
it is in [10–12], but from the neutral atom.
Let us focus our attention on the mechanism underlying
the emission of the secondary plateau. As mentioned above,
other correlation-induced HHG spectral extensions require
both electrons interacting with the electromagnetic field, via
TS1 or nuclei descreening. In these cases, one of the electrons
is first excited—or ionized—by the electromagnetic field and,
subsequently, the correlation interaction modifies the state
of the second electron, which is then ionized to emit high
harmonics. These mechanisms, however, do not apply in the
present case. To demonstrate this, Fig. 3 shows the HHG
spectrum resulting from the IDL model, in which only one of
the two electrons is active—the primary one—interacting with
the field, while the other one—the secondary—is artificially
disconnected from the driving field. Remarkably, the high-
frequency plateau is also present. This result unequivocally
demonstrates that the multielectron dynamics responsible for
the secondary plateau is only correlation-mediated.
In Fig. 4(a) we analyze the relative strength of the atomic
dipole excitations during the interaction with the laser pulse,
comparing the TAE and IDL models. The resonance peaks
correspond to electronic transitions in neutral He (labeled with
letters A, B, and C), involving the energy levels depicted
in Fig. 4(b). The A resonance peak points to the dominant
excitation both in the TAE and IDL descriptions. The wave
function corresponding to the excited state of the A transition,
φA(x1, x2), is represented in the inset of Fig. 4(c). The density
distribution reveals φA(x1, x2) as a single-excited state, with
one ground electron near the nucleus and its partner occupying
a Rydberg level. The energy level associated with φA is
slightly lower than the ground level of He+: εA = εHe+0 +
ε  −2.22 a.u., with ε = −0.22 a.u.
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FIG. 4. (a) Relative strength of the atomic dipole excitations in
the interaction with the laser pulse. (b) Energy levels of the neutral
He and He+ cation. (c) Blue line: Energy of the ground electron
as a function of the position of the Rydberg electron; green line:
probability density profile of electron 2, assuming electron 1 located
at x1 = 0, |φA(0, x2)|2. (d) Scheme of the correlated back-reaction
mechanism previous to tunnel ionization: one electron is excited to
a Rydberg level by correlation interaction (i), whereas the other is
knocked down to a deeper level (ii). Finally this latter is ionized,
leading to HHG (iii).
Let us draw some energy considerations from the infor-
mation retrieved from state φA. On one hand, the green line
in Fig. 4(c) shows the probability density profile |φA(0, x2)|2,
i.e., assuming electron 1 in the ground state. The peak in the
probability density points out the most probable radius, x2 =
xR  2.37 a.u., of the Rydberg electron. On the other hand, the
blue line in Fig. 4(c) shows the energy of the ground electron,











with Ĥ1(x1, x2) = T̂1 + V̂1,N + V̂1,2/2. At the Rydberg ra-
dius, x2 = xR, the energy of the ground electron corresponds
to εG = ε1(xR)  −1.76 a.u. Consequently, the energy of
the Rydberg electron can be estimated as εR = εA − εG 
−0.48 a.u., while the electron repulsion corresponds to εee =
V1,2(0, xR)  0.41 a.u. For the case in which the ground
electron ionizes, leaving the Rydberg electron in the cation,
the ionization potential corresponds to the difference between
the initial state, εi = εA, and the final state after ionization
ε f = εR − εee/2, i.e., the Rydberg level downshifted, since
the electron-electron repulsion vanishes as the ground elec-
tron leaves the atom. Therefore, the ionization energy of the
ground electron results in IA = ε f − εi  1.55 a.u. Inserting
IA in Eq. (2), the cutoff harmonic order, for the parameters
considered in Fig. 1, is 26, in perfect agreement with
the cutoff frequency of the secondary plateau (ωTAEc ). This
agreement [which can be better observed in Figs. 5(a) and
6] strongly suggests that the secondary plateau results from
FIG. 5. High-order harmonic spectrum from He considering two
active electrons (He TAE, solid black line), a single active electron
(He SAE, solid yellow line), the SAE description of He+ (He+,
dashed purple line), and the contribution from He+ calculated in the
TAE model (dashed orange line). We choose a central wavelength of
515 nm and two different peak intensities: (a) 5.0 × 1014 W/cm2 and
(b) 1.0 × 1015 W/cm2.
HHG emitted by the ground electron, once it is ionized from
the single-excited state φA of neutral He. Note that since the
ground electron’s ionization potential is lower than that of the
He cation, the ionization rate is substantially higher, and thus
the harmonic yield of the secondary plateau is considerably
higher than the He+ emission [see Fig. 1(a)].
In terms of correlation dynamics, due to the fact that the
secondary plateau is also present in the IDL model, it becomes
evident that the ground electron holds the primary—active—
role interacting with the field, exciting the partner electron
to a Rydberg level and, finally, generating the harmonic
radiation. On the other hand, the IDL model demonstrates
that the excitation of the Rydberg electron is due only to the
Coulomb correlation. Interestingly enough, as back reaction,
the excitation of the secondary electron lowers the energy
level from which the primary electron is ionized. The modified
ionization potential is, then, revealed by the value of the cutoff
frequency of the secondary plateau.
The complete picture of the mechanism leading to the sec-
ondary plateau in HHG from He is summarized in Fig. 4(d):
(i) the two-electron ground state of He is promoted to an
electronic configuration where the primary electron remains
close to the nucleus, and the secondary occupies a Rydberg
state. The excitation of the secondary electron is mediated by
electron-electron correlation. (ii) As a result of the correlation
energy exchange, the Rydberg electron back-acts on the pri-
mary electron, lowering its energy. (iii) HHG takes place from
the ionization of the primary electron in this modified ground
level, giving rise to the emission of the harmonic secondary
plateau. Further simulations for different driver’s wavelenths,
peak intensities, and pulse envelopes are provided in the
Appendix showing the universality of this mechanism, and
suggesting that visible driving wavelengths around 515 nm,
with moderate intensities around 1.6 × 1014 W/cm2, are op-
timal to observe the secondary plateau.
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FIG. 6. High-order harmonic spectrum from He, considering
two active electrons (He TAE, solid black line), a single active
electron (He SAE, solid yellow line), the SAE description of He+
(He+, dashed purple line), and the contribution from He+ calculated
in the TAE model (dashed orange line) at peak intensity 2.8 ×
1014 W/cm2 and wavelengths (a) 1030 nm, (b) 800 nm, (c) 515 nm,
and (d) 400 nm.
IV. CONCLUSIONS
In conclusion, we have identified the spectral signature of a
correlated back-action mechanism in the form of a secondary
plateau in the high-harmonic spectrum from He. In con-
trast with other correlation-mediated mechanisms, one of the
electrons evolves as effectively disconnected from the elec-
tromagnetic field, its dynamics resulting from the Coulomb
correlation. The excitation of this secondary electron has a
corresponding back action on the primary, lowering its energy.
HHG from this modified level leads to the secondary high-
energy plateau in the harmonic spectrum. Our work demon-
strates that complex correlation interactions can be monitored
using high-harmonic spectroscopy, and opens the possibility
to study in other multielectron systems.
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APPENDIX: UNIVERSALITY OF THE
BACK-ACTION SIGNATURE
In this Appendix, we present the trace of correlated back
action (CBA) in high-order harmonic generation (HHG) for
different central wavelengths, peak intensities, and pulse en-
velopes of the driving field. Our simulations indicate that CBA
is the relevant mechanism at low and moderate intensities,
whereas the recollision-enhanced response of He+—reported
before on HHG from Be [10], a two-electron molecular sys-
tem [11], Li and Na [12]—dominates at high intensities, both
forming a high-energy secondary structure.
In Fig. 5, we show the HHG spectra when irradiating at
a central wavelength of 515 nm and two illustrative peak
intensities: (a) 5.0 × 1014 W/cm2 and (b) 1.0 × 1015 W/cm2.
The driving field is modeled with a trapezoidal envelope of 8
cycles (1 cycle of ramp-up, 6 cycles of constant amplitude,
and 1 cycle of ramp-down). We have performed simula-
tions within different theoretical models of neutral He—two
active electrons (He TAE, solid black) and a single active
electron (He SAE, dashed yellow)—and He+. For this latter
case, we compute HHG from He+ (dashed purple) or from
the spatial region of TAE He, corresponding to the He+
contribution (dashed orange; see Fig. 4). The high-energy
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secondary plateau originating from CBA is still visible at
5.0 × 1014 W/cm2 [mainly the 37th, 39th, and 41st harmonic
orders in Fig. 5(a)]. The calculated contributions of He+
are unable to explain the yield of the secondary plateau,
because in the case of CBA the emission signature results
from neutral He. As the intensity is increased [see Fig. 5(b)],
the harmonic signal coming from the He+ cation dominates
over the signature of CBA.
Figure 6 shows the HHG spectra obtained for a peak
intensity of 2.8 × 1014 W/cm2 and for central wavelengths
of (a) 1030 nm, (b) 800 nm, (c) 515 nm, and (d) 400 nm.
We consider the He TAE (solid black), He SAE (dashed
yellow), and He+ (dashed purple) models. Remarkably, for
all the driving wavelengths considered, the secondary plateau
is clearly observed. One can notice that the efficiency of
the secondary plateau compared to the primary plateau in-
creases as the wavelength decreases. However, for the shorter
wavelengths, the contribution of the He+ cation increases
over the CBA signature, as the ionization probability is also
higher. As a trade-off, the driving field of 515 nm rep-
resents a good landmark to observe this novel correlation
mechanism.
Another interesting aspect is whether the back-reaction
mechanism depends on the envelope of the laser pulse. In
order to briefly explore this, we present in Fig. 7 the results
for a driving field with a sin2 envelope of 8 cycles, 515 nm
of wavelength, and 1.6 × 1014 W/cm2 peak intensity. Again,
the results in the main plateau (up to the 19th harmonic) are
suitably reproduced in both the TAE and SAE descriptions,
indicating a monoelectronic behavior. At higher frequencies,
the high-harmonic emission only arises in the TAE calcula-
tion due to the multielectronic character of the back-reaction
process. The cutoff of the secondary plateau matches the pre-
dicted value considering the ionization potential correspond-
ing to the ground electron of the second excited two-electron
state of He: IA = 1.55 a.u. This agreement implies that the
fundamental scheme behind the CBA process is not altered
depending on the form of the driving envelope. The TAE time-
frequency analysis [Fig. 7(b)] corroborates the appearance of
the secondary plateau, which is emitted in phase with the
primary one. Moreover, during the first 3 cycles of the in-
teraction, we observe a low-frequency emission (frequencies
below the 15th harmonic) related to the fluorescence from
single-excited states of neutral He. Since the atomic excitation
is induced by electron correlation, this signal is absent in the
SAE time-frequency analysis [Fig. 7(c)].
Finally, we would like to state that we do not foresee
major complications to observe the secondary plateau when
considering macroscopic phase matching, in comparison to
the main SAE plateau. Macroscopic simulations involving
harmonic phase matching for the TAE model are beyond the
computational capabilities.
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